

[image: Cover]



RESEARCH ARTICLE

Carbon exchange and primary production in a High-Arctic peatland in Svalbard

Takayuki Nakatsubo,1,2 Mitsuru Hirota,3 Ayaka W. Kishimoto-Mo,4 Noriko Oura4 & Masaki Uchida5,6

1Graduate School of Integrated Sciences for Life, Hiroshima University, Higashi-Hiroshima, Japan
2Hiroshima University Museum, Higashi-Hiroshima, Japan
3School of Life and Environmental Science, University of Tsukuba, Tsukuba, Japan
4Institute for Agro-Environmental Sciences, National Agriculture and Food Research Organization, Tsukuba, Japan
5National Institute of Polar Research, Tachikawa, Japan
6School of Multidisciplinary Sciences, The Graduate University for Advanced Studies, Tachikawa, Japan

(Published 30 March 2023)

Abstract

Moss tundra with a thick peat layer dominated by bryophytes is one of the most important ecosystems in the High Arctic of Svalbard, but little is known about the carbon dynamics of moss tundra. Here, we estimated the net primary production (NPP) and net ecosystem production (NEP) of moss tundra on Brøggerhalvøya (Brøgger Peninsula) of north-western Svalbard (79°N). The net photosynthetic and respiration rates of the two dominant moss species, Calliergon richardsonii and Tomenthypnum nitens, were measured under laboratory conditions. On the basis of the photosynthetic and respiration characteristics and climatic data, we estimated the cumulative NPP of the dominant moss species during the growing season to be 143–207 gC m-2. Net CO2 exchange, which was determined by subtracting the respiration of the brown moss layer from NPP, was similar to that estimated using field gas flux measurements. The field measurements indicated that methane emissions contributed little to carbon flow. The NEP estimated in this study was much larger than the long-term carbon accumulation rate reported in a previous study. These data suggest that a significant amount of fixed carbon was lost from the peat layer or that carbon accumulation has recently increased. The NPP and NEP values of the moss tundra are larger than those reported for other vegetation types in this area, suggesting that moss tundra is an active site with high rates of carbon fixation.
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Introduction

Northern peatlands represent one of the largest carbon pools in the biosphere and play a key role in the global carbon cycle (Yu 2012). The recent increase in temperature in Arctic regions, which is more than twice the global rate over the past 50 years (IPCC 2021), is likely to have a profound influence on the carbon pool by altering the balance between carbon accumulation and loss.

Carbon pools in the High Arctic are likely small because of the harsh climatic conditions and lack of plant cover; however, a non-negligible amount of carbon exists in soils in areas at late successional stages (Yoshitake et al. 2011). Several studies have shown that there is a large amount of organic carbon in High-Arctic moss tundra, which comprises moss-dominated wetlands with a thick peat layer. For example, Rozema et al. (2006) reported 1-m thick peat layers dating back maximally to 5710 ± 150 BP from the moss tundra in Svalbard. Nakatsubo et al. (2015) estimated that 276 tonnes of organic carbon are stored in the active layer of a 40 000-m2 area (6.9 kgC m-2) of moss tundra in Svalbard. Because the carbon budget of moss tundra is determined by the balance between carbon accumulation and loss, analyses of these flows and the factors controlling them are needed to predict the impact of climate change on the carbon cycle in High-Arctic ecosystems. However, data on the carbon flows in High-Arctic peatlands are few.

The aim of this study was to clarify the carbon dynamics of moss tundra, which is peatland characterized by a thick peat-forming community dominated by bryophytes (Vanderpuye et al. 2002), in the High Arctic of Svalbard. We measured the photosynthetic characteristics of dominant moss species and the respiration of the active layer (brown moss layer) under laboratory conditions. We then modelled the NPP and NEP (the difference between gross primary production and total ecosystem respiration) for the growing season, using the measured photosynthetic and respiration characteristics and climatic data. It is likely that the NPP and NEP show considerable year-to-year variation, depending on climatic conditions that include the length of growing season. Therefore, we calculated the values for three seasons using climatic data from 2012 to 2014. Additionally, we measured the methane (CH4) flux at the same site and estimated the CH4 flux during the growing season because it is one of the main degradation pathways of plant polymers in High-Arctic peatlands (Tveit et al. 2013).

Methods

Study site

The study site, Stuphallet, is located in the northern part of Brøggerhalvøya (Brøgger Peninsula), near Ny-Ålesund, north-western Spitsbergen, Svalbard (78°57′N, 11°39–40′E, 22 m a.s.l.). With a maximum width of 100 m, a swathe of moss tundra, runs along two streams: one flowing from east to west and the other from west to east between a bank and a bird-nesting cliff. The annual mean air temperature and precipitation between 2011 and 2020 in Ny-Ålesund, which is located approximately 7 km from the study site, were –2.9 °C and 550 mm, respectively (Yr 2021).

The study site was completely covered with a thick peat layer dominated by moss species such as Calliergon richardsonii (Mitt.) Kindb., Tomenthypnum nitens (Hedw.) Loeske, Paludella squarrosa Bridel, and Warnstorfia exannulata (Schimp.) Loeske. The average thickness of the active layer (brown moss and peat) in early August 2011 was approximately 28 cm. See Nakatsubo et al. (2015) for a detailed description of the study site.

Sample collection

Moss samples were collected from two dominant moss species, C. richardsonii and T. nitens, on the basis of a preliminary field survey. The samples were collected from colonies using a metal core sampler with a diameter of 5 cm in the summers of 2013 and 2015. Moss cores were divided into three layers: a green (surface) layer consisting of green shoots (20–29 mm thick), a brown sub-surface layer consisting of brown shoots (40–64 mm thick) and a peat layer consisting of fragmented shoots. Most of the peat layer was under the water table (waterlogged). Samples of the green and brown layers were immediately brought to the laboratory in Ny-Ålesund and placed in cylindrical plastic cases (ø: 5 cm, height: 10 cm). They were then stored in an incubator at 5 °C under continuous light after taking fresh weight measurements. During measurements, the water content of the moss samples was maintained at 330–390% (w/w), which corresponds to the water content of moss under field conditions at our study site.

Photosynthesis and respiration measurements

We measured the net photosynthetic rate (Pn), dark respiration (R) of the green moss layer, and dark respiration of the brown moss layer (RB) using an open-flow gas exchange system with a Li-Cor Biosciences infrared gas analyser (model LI-6262). Uchida et al. (2002) described the system in detail. We placed a plastic case containing the sample into a cylindrical transparent chamber (ø: 7 cm, height: 4 cm). The chamber was submerged in a water bath with a temperature control unit to maintain target temperatures within an accuracy of ± 0.2 °C. Ambient air containing 390–400 ppmv CO2 was introduced into the system at a rate of 300 ml min-1, and a Hayashi Tokei Kogyo 180-W metal halide lamp (model LA-180Me) supplied light. Unless otherwise noted, the temperature in the chamber and PPFD were maintained at 7.0 ± 0.2 °C and 1500 ± 30 µmol photons m–2 s–1, respectively.

The effect of PPFD on Pn was determined by reducing the incident PPFD on the chamber. Samples (n = 6) were illuminated at each level of PPFD for at least three minutes before Pn was measured.

To examine the effect of temperature on Pn and R, the moss temperature in the chamber was reduced in a stepwise manner from 23 to 2 °C at 5–6 °C intervals (n = 6). The temperature was maintained at each step for at least 30 minutes to allow gas exchange rates to stabilize. After measurements were taken, the samples were freeze-dried for dry weight determination. The effect of temperature on RB (dark respiration of the brown moss layer) was also measured in the same manner described here (n = 10).

Estimation of moss production

We estimated the NPP and NEP on the basis of the photosynthesis and respiration characteristics and climatic data. At our study site, site-to-site variation in species composition was considerable. Given the difficulty of determining the relative abundance of each species across the entire study area, we used the average values of the photosynthetic and respiration characteristics of the two species to estimate NPP and NEP values (Table 1).




Table 1Coefficients and standard values used for the model for the estimation of the green layer and brown layer.


	Coeffiecients and standard values
	Calliergon richardsonii
	Tomenthypnum nitens
	Average





	Green layer
	
	
	



	aa
	−0.0017
	−0.0009
	−0.0014



	ba
	0.0257
	0.0133
	0.0214



	ca
	0.8052
	0.9117
	0.8419



	Sb
	0.0051
	0.0087
	0.0061



	Pn(7)
	0.7863
	0.4139
	0.6001



	R(7)
	0.1680
	0.0616
	0.1148



	Pg(7)
	0.9543
	0.4755
	0.7149



	Q10c
	2.4
	2.3
	2.4



	Brown layer
	
	
	



	RB(7)
	0.0456
	0.0202
	0.0329



	Q10Bd
	2.2
	2.4
	2.2



	aCoefficients of the temperature–photosynthetic curve (Eqn. 2). bThe coefficient of the light–photosynthetic curve (Eqn. 4). cAn indicator of the temperature sensitivity of the respiration rate of the green layer (Eqn. 3). dAn indicator of the temperature sensitivity of the respiration of the brown layer (Eqn. 8).





NPP of mosses was estimated using a slightly modified version of the model described by Nakatsubo (2002), who examined the environmental dependence of photosynthetic production. Here, we assumed that the moss water content did not affect photosynthetic and respiration activities because water was supplied continuously on the moss tundra. The water content of the mosses was consistently high (701 ± 237% for C. richardsonii and 398 ± 106% for T. nitens) during in situ gas exchange measurements taken from 8 Jul to 9 Aug 2013. We also assumed that the main environmental factors affecting NPP are light and temperature (Harley et al. 1989; Frolking et al. 2002; Uchida et al. 2002). All moss samples were exposed to standard light and temperature conditions (light saturation at PPFD = 1500 µmol m-2 s-1 and 7 °C, respectively).
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where Pg(T) is the gross photosynthetic rate at light saturation and T°C (mgCO2-C g-1 h-1); Pn(T) is the net photosynthetic rate at light saturation and T°C; R(T) is the respiration rate at T°C; Q10 (an indicator of temperature sensitivity) is shown for the green moss layer; Pg(I, T) and Pn(I, T) are the gross and net photosynthetic rate at I µmol m-2 s-1 PPFD and T°C (mgCO2-C g-1 h-1), respectively; and Pg(7), Pn(7), and R(7) are Pg, Pn, and R at 7 °C, respectively. a, b and c are the coefficients of the temperature-photosynthetic curve; S is the coefficient of the light-photosynthetic curve; and NPPw(gC g-1) is the cumulative NPP during the growing season.

The effect of temperature (TB) on the respiration of the brown moss layer (RB) was determined using Eqn. 8.
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where RB(7) is RB at 7 °C, and Q10B is the Q10 of respiration of the brown moss layer.

Finally, the NEP during the growing season (NEPw;gCO2-C g-1) was calculated as follows:
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NPP and NEP during the growing season were converted from a dry weight basis (gCO2-C g-1) to an areal basis (NPP and NEP; gCO2-C m-2) using the average weights of the green moss layer (287 g dry wt. m-2) and average weights of the brown moss layer (1582 g dry wt. m-2).

Hourly PPFD and temperature data of the green and brown moss layer from 2012 to 2014 were used to estimate NEP. PPFD was measured using a KONA System data logger (model Kadec-UP) with a Li-Cor quantum sensor (model Li-190SA) placed at the Japanese base in Ny-Ålesund. Temperatures in the green (2 cm below the moss surface) and brown (5 cm below the moss surface) moss layers were measured using Hobo temperature data loggers (model TidbiT v2) placed in the moss tundra. The growing season was defined as the period when the temperature of the moss layers was above 0 °C.

In situ gas exchange measurements

Net CO2 exchange was determined in the field from 8 Jul to 9 Aug 2013 using the static closed-chamber method described by Hirota et al. (2010). We established four plots every 20 m along an 80-m transect across the moss tundra, in accordance with the method used by Nakatsubo et al. (2015) and placed three PVC collars 2 cm into the ground in the moss tundra in each plot two days before measurements were initiated. Each of the collars in each plot was separated by more than 1 m. The chamber (20 cm in diameter and 12.5 cm in height), made of transparent PVC pipe with a top plate and open bottom, was placed on the collar just prior to the start of the in situ CO2 exchange measurements. Net CO2 exchange rates were determined by monitoring changes in the CO2 concentration within the chamber with a Vaisala CO2 probe (model GMP 343). During measurements, the PPFD outside the chamber and temperature and humidity in the chamber were recorded. A small fan was placed in the chamber to mix (circulate) the air. We placed a black screen on the chamber to determine ecosystem respiration (RE). The response of the gas exchange rate to light conditions was determined by decreasing the PPFD using a translucent polyethylene sheet. It took approximately five to 15 minutes for the flux rates to stabilize during each measurement. Net CO2 exchange rates for 8–12 plots were recorded each measurement day. All measurements were made between 11:00 and 19:00.

CH4 flux was measured using a chamber of the same size and period. The chamber was made of opaque PVC without any sensors. We placed four chambers on the collar just prior to the measurements and took air (25 ml) into the chamber four times at 4–5-minute intervals. The air was collected into pre-evacuated glass vials and brought to Japan. We determined the CH4 concentration using a Shimadzu gas chromatograph (model GC-14B) with a thermal conductivity detector and a flame ionization detector. Calibration of the GC-14B was conducted using two concentrations of CH4 standards (1.254–2.013 ppmv). The CH4 concentrations from each chamber were plotted against the sampling time, and the data were fitted with linear regression lines to determine changes in CH4 concentrations (R2 ≥ 0.90). Hayashi et al. (2014) described the flux calculations in detail. While taking air samples, we measured the water table and ORP in each plot. PVC pipe (ø: 5 cm, length: 40 cm) with holes drilled in four directions (ø: 5 mm, every 3 cm) was installed in each plot two days before measurements. The water table in the pipe was observed. The ORP measurements were conducted using a Satotech portable Eh meter (model YK-23RP-ADV) by inserting the platinum electrode into the peat layer.

We cut the green part of the moss in the chambers after taking the final measurement on 9 Aug 2013, and the fresh weight and dry weight (after freeze-drying to constant weight) of these samples were determined in Ny-Ålesund.

Statistical analyses

All data were presented as mean ± standard deviations unless otherwise specified. All statistical tests were performed using StatView 4.0 software (Abacus Concepts). We used standard statistical approaches for regression analysis to test the significance of the regression equations, and the significance of the relationships between gas exchange rates and environmental factors.

Results

Photosynthesis and respiration of mosses

The maximum Pn at light saturation (PPFD = 1500 µmol m-2 s-1) and 7 °C was higher in C. richardsonii (0.8 ± 0.1 mgCO2-C g-1 h-1) than in T. nitens (0.4 ± 0.05 mgCO2-C g-1 h-1) (Fig. 1). Pn of C. richardsonii at light saturation (1500 µmol m-2 s-1) was highest at approximately 7 °C and decreased at 23 °C (Fig. 2). The optimum temperature for Pn of T. nitens was unclear; however, Pn was lower at high temperatures. Dark respiration rates of the green moss layer and the brown moss layer (Fig. 3) of the two species increased exponentially with temperature; Q10 values ranged from 2.2 to 2.4 (Table 1).

Fig. 1Light–net photosynthesis curves of Calliergon richardsonii and Tomenthypnum nitens. Temperature: 7.0 ± 0.2 °C. Each value is the mean of three samples with SD.
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Fig. 2Effect of temperature on the net photosynthetic rate of Calliergon richardsonii and Tomenthypnum nitens. PPFD: 1500 ± 30 µmol photons m-2 s-1. Each value is the mean of three samples with SD.
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Fig. 3Effect of temperature on the dark respiration rate of the green and brown moss layer of Calliergon richardsonii and Tomenthypnum nitens. Each value is the mean of three samples with SD.
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Gas exchange in the field

Net CO2 exchange rates determined on the moss surface under natural light conditions ranged from -6 to 173 mgCO2-C m-2 h-1 (Fig. 4). NEP appeared to be regulated by natural light conditions (Fig. 5a); however, temperature conditions varied in the field. There was no clear relationship between air temperature and ecosystem respiration (Fig. 5b).

Fig. 4NEP and ecosystem respiration (RE) at the study site in summer 2013. Each value is the mean with SD (n = 8–12).
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Fig. 5(a) Effect of PPFD on the net CO2 exchange and (b) the effect of air temperature on ecosystem respiration in the field in summer 2013.
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The CH4 emission rates from the moss tundra were low and ranged from 9 to 65 µgCH4-C m-2 h-1 (data not shown) (average: 34 µgCH4-C m-2 h-1). There was no significant relationship between CH4 flux and environmental factors such as temperature, water table and ORP (p>0.05).

Estimation of NPP and NEP in the growing season

We estimated NEP values by subtracting the respiration of the brown moss layer from NPP values (Eqn. 9); we then compared them with the NEP values determined by gas flux measurements in the field (Fig. 6). For this comparison, NEP values under the artificially decreased light conditions were included. There was a significant relationship between the NEP values estimated by the model and those measured in the field. In addition, the slope of the regression line was close to 1, indicating that our model accurately estimated NEP in the field (Fig. 7).

Fig. 6Relationship between net CO2 exchange values estimated by our model and those determined in the field in four study plots (A, B, C and D).
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Fig. 7(a) Daily NPP, (b) respiration of the brown moss layer, and (c) NEP in the growing season of 2013.
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We calculated NEP for three seasons using climatic data from 2012 to 2014 (Supplementary Fig. S1). In these calculations, we assumed that photosynthesis and respiration activities were negligible at temperatures lower than 0 °C. NPP and NEP values in 2012, 2013, and 2014 were estimated to be 205, 207 and 143 gC m-2 and 88, 86 and 67 gC m-2, respectively (Fig. 8). NPP and NEP values in 2012 and 2013 were similar, whereas NPP and NEP values in 2014 were lower than those in 2012 and 2013. Variation in the length of the growing season among sample years is the most likely explanation for these differences. Also, the growing degree days above 5 °C reflect the variation of the growing season length with values of 123, 140 and 57 in 2012–2014. The timing of snowmelt was delayed by over three weeks in 2014 compared with that in previous years (Supplementary Fig. S1b). Thus, the growing season in 2014 (75 days) was approximately two-thirds the length of the growing seasons in 2012 (104 days) and 2013 (110 days).

Fig. 8Estimation of NPP and NEP in moss tundra during the growing season.
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Discussion

NPP and NEP estimated by our model varied among three years (2012, 2013 and 2014), and the most marked difference was in the NPP and NEP values of 2014, which were lower than those for 2012 and 2013. Previous studies (Uchida et al. 2002: Uchida et al. 2006; Yoshitake et al. 2010) have reported that the annual production of cryptogams (mosses, lichens, and the soil crust) in the High Arctic shows considerable year-to-year variation depending on climatic conditions.

Pn values at light saturation of the two tundra moss species (0.41–0.79 mgCO2-C g-1 h-1) were similar to or somewhat higher than those reported for Sanionia uncinata (Hedw.) Loeske on a glacier foreland in Ny-Ålesund, Svalbard (0.45 ± 0.07 mgCO2-C g-1 h-1) (Uchida et al. 2002). However, NPP of the moss tundra during the growing season estimated in this study (143–207 gC m-2) was much larger than the NPP of a Sanionia colony (100% moss coverage) on a glacier foreland (0.5–14 gC m-2; Uchida et al. 2002). The low NPP of S. uncinata can be largely explained by the low water availability on the glacier foreland because high photosynthetic activity has been observed only on rainy days or soon after rainfall (Uchida et al. 2002). The values of NPP estimated in this study were similar to or larger than those reported for Calliergon stramineum (Brid.) Kindb. In the tundra of Hornsund Fiord, Svalbard (77°00′N, 15°33′E), which were measured by a harvesting method (220–270 g dry weight m-2 yr-1; Opaliński 1991).

The NPP values of mosses were larger than the NPP values reported for other vegetation types in Svalbard. For example, during the growing season, the NPP of the polar willow (Salix polaris Wahlenb.), which has the highest productivity among the vascular plants dominant on Svalbard’s glacier forelands (Muraoka et al. 2008), was estimated to be 26.1 gC m-2 (53% plant cover; Muraoka et al. 2002). The higher NPP of mosses can be explained by differences in photosynthetic activity during the growing season; mosses are perennial evergreen plants that can photosynthesize in the autumn if water and light conditions are suitable for photosynthesis (Uchida et al. 2010). By contrast, the foliage period of S. polaris is much shorter (43 days) in this area (Muraoka et al. 2002).

Model estimates of productivity are prone to deviation caused by measurement errors, approximations, environmental fluctuations in the field, and differences between field and laboratory conditions. We estimated NEP by subtracting brown layer respiration from NPP. Because the CO2 emissions of the peat layers were not included in this calculation, our NEP values might be slightly overestimated. However, there was a strong correlation between the NEP values estimated by our model and those measured in the field, indicating that the respiration of the peat layer was low. CO2 emissions at sub-zero temperatures pose another difficulty in estimating NEP. In this study, the growing season was defined as the period when the temperature of the moss layers was above 0 °C, assuming that photosynthesis and respiration at sub-zero temperatures were negligible. However, some studies have reported that the physiological activities of polar bryophytes continue at temperatures below 0 °C (Longton 1988). Because light conditions in autumn and winter were insufficient for maintaining positive net photosynthesis (see Fig. 1, Supplementary Fig. S1), our assumption may have resulted in the overestimation of annual NEP. Positive NEP may be possible in the spring when more light is available; however, the carbon balance depends on the thickness of the snow cover.

Reported values of NEP in High-Arctic ecosystems vary widely (Table 2). NEP values in this study (67–88 gC m-2) were high but similar to those of a mixed dry and wet area in Longyearbyen, Svalbard (82 gC m-2; Pirk et al. 2017) and Lake Hazen, Ellesmere Island, Canada (79 gC m-2; Emmerton et al. 2016).




Table 2NEP in the High Arctic.


	Site
	Latitude
	Longitude
	Habitat condition/vegetation type
	Dominant species
	NEP (gC m-2 yr-1)
	References





	Ny-Ålesund, Svalbard
	78°57′N
	11°40′E
	Moss tundra (wet)
	Calliergon richardsonii, Tomenthypnum nitens
	67 to 88b
	This study



	Zackenberg, Greenland
	74°28′N
	20°34′W
	Heath
	Cassiope tetragona
	15
	Zhang et al. 2018



	Zackenberg, Greenland
	74°28′N
	20°34′W
	Heath
	Cassiope tetragona, Dryas integrifolia
	1 to 23a
	Groendahl et al. 2007



	Alexandra Fiord, Canada
	78°54′N
	75°55′W
	Dry
	Salix arctica, Dryas integrifolia
	6
	Welker et al. 2004



	Alexandra Fiord, Canada
	78°54′N
	75°55′W
	Mesic
	Cassiope tetragona, Dryas integrifolia
	−18
	Welker et al. 2004



	Alexandra Fiord, Canada
	78°54′N
	75°55′W
	Wet
	Eriophorum angustifolium, Carex stans
	15
	Welker et al. 2004



	Lake Hazen, Canada
	81°08′N
	71°04′W
	Polar semi-desert upland (dry)
	Dryas integrifolia, Carex nardina
	0b
	Emmerton et al. 2016



	Lake Hazen, Canada
	81°08′N
	71°04′W
	Meadow (wet)
	Carex spp., Eriophorum spp.
	79b
	Emmerton et al. 2016



	Longyearbyen, Svalbard
	78°11′N
	15°55′E
	Mixed dry and wet area
	Salix polaris, Eriophorum scheuchzeri
	82
	Pirk et al. 2017



	Ny-Ålesund, Svalbard
	78°55′N
	11°57′E
	Polar semi-desert (dry)
	Salix polaris, Sanionia uncinata
	0
	Lüers et al. 2014



	Ny-Ålesund, Svalbard
	78°55′N
	11°57′E
	Polar semi-desert (dry)
	Saxifraga oppositifolia, Cetraria delisei
	9a
	Lloyd 2001a



	Ny-Ålesund, Svalbard
	78°56′N
	11°55′E
	Heath, snowbed
	Saxifraga oppositifolia, Drepanocladus spp.
	−5 to 5b
	Lloyd 2001b



	Ny-Ålesund, Svalbard
	78°55′N
	11°50′E
	Polar semi-desert (dry)
	Salix polaris, Sanionia uncinata
	2 to 19b
	Uchida et al. 2016



	aOne growing season. bOne summer season.





The relationships of NPP and NEP in moss tundra with the carbon accumulation rate can be described by the following equations (Nakatsubo et al. 2015):
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where Rpeat is the peat layer respiration (respiration of the brown layer in this study) and Closs is the carbon loss other than respiratory loss (e.g., leaching) from the peat and dead moss layer. Although CH4 flux can also contribute to carbon flow, its contribution to total carbon flow is likely negligible at our study site. If the maximum CH4 efflux rate observed in the field (65 µgCH4-C m-2 h-1) were sustained throughout one growing season, total CH4 emissions from the moss tundra would be less than 0.2 gC m-2.

Nakatsubo et al. (2015) estimated the apparent rates of carbon accumulation to be 9.0–19.2 (gC m-2 yr-1) based on the 14C age and the amount of peat in the active layer. NEP during the growing season estimated in this study (67–88 gC m-2) was much greater than the apparent rates of carbon accumulation at this study site. This may indicate that a significant proportion of fixed carbon was lost from the peat and dead moss layers as dissolved carbon (Closs). Previous studies have demonstrated that the loss of carbon via organic carbon export is an important component of the carbon balance of northern peatland (Roulet et al. 2007). Although there are cases in which the lateral carbon export is less relevant compared with the vertical carbon fluxes (Beckebanze et al. 2022), Billett et al. (2004) reported that net carbon loss in drainage water, including both the downstream flux and evasion of CO2 from the stream surface to the atmosphere, was greater than or equal to the net annual carbon uptake stemming from photosynthesis/respiration at the land surface in a lowland temperate peatland catchment. Although no published data are available for Svalbard, a significant proportion of fixed carbon is likely lost through water flow.

Another factor that requires consideration is the recent warming trend. Nordli et al. (2020) reported that the rate of warming since 1991 at Svalbard Airport is 1.7 °C/decade, which is more than twice the Arctic average and approximately seven times the global average for the same period. They also reported that the number of days warmer than 0 and 5 °C has increased by 25 (21%) and 22 (59%), respectively, per year compared with that during the 1961–1990 standard normal period for 1991–2018 (Nordli et al. 2020). These changes lengthen the growing season, which affects productivity.

Conclusion

Previous studies have shown that moss tundra plays an important role in carbon sequestration and carbon storage in the High-Arctic terrestrial ecosystem (Rozema et al. 2006; Nakatsubo et al. 2015). Our results indicate that the productivity of moss tundra is high compared with that of other vegetation types in this area, which confirms that moss tundra has a significant effect on regional carbon dynamics.

NEP is currently much larger than the carbon accumulation rates reported for this study site. One possible explanation for the difference between NEP and carbon accumulation is that a significant proportion of fixed carbon is lost from the peat layer. Arctic rivers are known to transport large quantities of organic and inorganic carbon to the Arctic Ocean (Holmes et al. 2008; Lougheed et al. 2020; McGovern et al. 2020). If this is also true for the streams that flow through High-Arctic moss tundra, this pathway may have a significant impact on coastal waters.

The recent warming trend will also likely affect the productivity of moss tundra. Moss tundra is dominated by evergreen perennial plants that have the potential to be photosynthetically active throughout the year; therefore, these plants will likely respond directly to future climate change by increasing their photosynthetic activity.
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